Phanerochaete chrysosporium extensively degraded and mineralized chlorobenzene and o-, m-, and p-dichlorobenzenes. The rate of degradation was in the following order: monochlorobenzene > m-dichlorobenzene > o-dichlorobenzene > p-dichlorobenzene. Net level of degradation was generally higher than mineralization. Maximal degradation and mineralization of chlorobenzenes were observed in malt extract cultures in which the lignin peroxidases and manganese peroxidases are not known to be produced. The fungus degraded both chlorobenzene and toluene when presented as a mixture, indicating its ability to simultaneously degrade chloro-substituted and methyl-substituted benzenes.
Chlorinated benzenes are priority environmental pollutants listed by the Environmental Protection Agency. Intensive use of these compounds as solvents, degreasers, odorizers, and intermediates in the synthesis of various pesticides and dyes has led to their widespread release into the environment (3) . Biodegradation of monochlorobenzene and dichlorobenzenes (DCBs) by aerobic and anaerobic bacteria has been known previously (3, 6, 8, 10) , but there is little published information on fungal degradation of chlorobenzenes or on simultaneous biodegradation of mixtures of chloro-substituted and methylsubstituted aromatics such as chlorobenzene and toluene, which are known to occur together in contaminated environments (7) . Efforts have been directed towards isolation as well as genetic construction of such strains (9) .
We report here, for the first time, degradation and mineralization of monochlorobenzene and DCBs and simultaneous degradation of chlorobenzene and toluene mixtures by Phanerochaete chrysosporium, which has received worldwide attention for its reported ability to degrade and mineralize a wide range of environmental pollutants (1, 2, 4, 13, 14) .
MATERIALS AND METHODS
Strains. P. chrysosporium ME-446 (ATCC 34541) and its peroxidase-negative (per) mutant were used in the present study and were maintained on malt extract (ME) agar slants (13) .
Chemicals and radiochemicals. Monochlorobenzene (99.9% pure), 1,2-DCB (99% pure), 1,3-DCB (98% pure), 1,4-DCB (Ͼ99% pure), and toluene (99.8% pure) were purchased from Aldrich Chemical Co. (Milwaukee, Wis.). Uniformly ring-labeled [
14 C]chlorobenzene (Ͼ98% purity; specific activity, 12.07 mCi/ mmol) was purchased from Sigma Chemical Co. (St. Louis, Mo.). Uniformly 14 C-ring-labeled 1,2-DCB (Ͼ98% purity; specific activity, 10.7 mCi/mmol; Sigma Chemical Co.), 1,3-DCB (98% purity; specific activity, 3.9 mCi/mmol; Pathfinder Laboratories, St. Louis, Mo.), and 1,4-DCB (98% purity; specific activity, 11.11 mCi/mmol; Pathfinder Laboratories) were a gift from Jim Spain.
Media, inoculum, and culture conditions. Low-nitrogen medium (2.4 mM N), high-N medium (24 mM N), and ME medium have been described previously (13) . The organism was grown as static cultures (10 ml), unless otherwise indicated, in sterile 125-ml serum bottles as previously described (13) . Following the addition of the medium and inoculum, the bottles were oxygenated by sparging them with O 2 for 1 min and were spiked with the appropriate chlorobenzene compound at the concentration indicated in the results. The bottles were sealed with Teflon-coated gray butyl rubber stoppers and aluminum crimps before incubation at 37ЊC.
Analyses. The concentration of monochlorobenzene, DCBs, and toluene was measured by headspace analysis with gas chromatography. The chromatographic conditions were as previously described (13) , except that we used a column temperature of 90ЊC for chlorobenzene and toluene and 120ЊC for DCB. Fungal biomass was measured as mycelial dry weight (milligrams) by filtering and drying the sample to a constant weight at 80ЊC as previously described (13) .
Mineralization. Uniformly ring-labeled [ Ϫ4 mmol (ϭ5 ppm) of the unlabeled chlorobenzene, was added to 10-ml static cultures in triplicate sealed serum bottles. An uninoculated control was included for comparison. At specified intervals during the incubation, the 14 CO 2 generated because of mineralization of [ 14 C]chlorobenzene was trapped in 1 N NaOH by flushing the culture headspace with CO 2 -free air and quantified as previously described (13) . ORBO 32 S (Supelco, Inc., Bellefonte, Pa.), an organic trap containing activated charcoal, was used to trap the volatilized chlorobenzene. After each 14 CO 2 trapping, the culture headspace was flushed with oxygen for 5 min. Procedures used for studying mineralization of [ring- 14 C]DCB isomers were similar to those described above.
RESULTS
Chlorobenzene degradation and mineralization. Chlorobenzene degradation by P. chrysosporium is much higher in high-N medium and ME medium, in which lignin peroxidases (LIPs) and manganese peroxidases (MNPs) are not known to be produced (13), than in low-N medium, in which both LIPs and MNPs are known to be produced (Table 1) . Since ME medium supported higher cell yield as well as maximum degradation in static cultures, it was the primary medium used in the rest of this study. Degradation of chlorobenzene was relatively higher in static ME cultures (10 ml) than in shaken ME cultures (10 ml). Other results (data not shown) indicated that degradation in 50-ml shaken cultures (37.9% Ϯ 4.8%) is lower than that in 10-ml shaken cultures (75.8% Ϯ 1.5%). The rate of increase in chlorobenzene degradation was maximal between days 2 and 5, after which it plateaued (Fig. 1A) . When 4-day-old cultures (grown without chlorobenzene) were spiked with chlorobenzene, there was little or no lag in degradation, suggesting that the enzymes responsible for chlorobenzene degradation are produced even when the fungus is grown in the absence of chlorobenzene (Fig. 1B) .
The rate of degradation of chlorobenzene calculated on the basis of the data presented in Table 2 followed typical Michaelis-Menten kinetics. The V max and K m values were 5.13 mg/ liter/day and 35.15 mg/liter, respectively. Even at high concen-trations of chlorobenzene (50 to 100 mg/liter), substantial amounts of growth and degradation were observed ( Table 2) .
The pattern of mineralization of [ring- 14 C]chlorobenzene in low-N, high-N, and ME media (Fig. 2 ) was similar to its pattern of degradation in these media (Table 1) in that the highest level of mineralization was observed in ME medium and the lowest level was observed in low-N medium. However, the total amount of mineralization ( Fig. 2 ) was comparatively lower than the level of degradation observed ( Table 1) . As shown in Fig. 2 , a higher level of mineralization (25.42% Ϯ 0.26%) was observed in ME cultures that were oxygenated weekly during incubation than in identical unoxygenated cultures (18.73% Ϯ 2.65%). Furthermore, substantial levels of degradation (65.9% Ϯ 3.1% in ME medium) and mineralization (6.5% Ϯ 0.8% in low-N medium) of chlorobenzene were observed with the peroxidase-negative (per) mutant, which lacks the ability to produce LIPs and MNPs (13) .
Degradation and mineralization of DCBs. Substantial degradation of DCBs was observed in ME medium. Both the rate and the extent of degradation of o-and m-DCB were, however, higher than those of p-DCB. Also, the level of degradation of DCBs was lower in low-N and high-N media than that observed in ME medium (data not shown). Degradation of m-DCB by the per mutant (40.8% Ϯ 1.9%) and its wild-type parent strain (43.5% Ϯ 4.6%) were similar. The data further show ( Fig. 3 and 4) that the percent mineralization and percent degradation (as determined by gas chromatography) of p-DCB were similar. In contrast to this, percent mineralization of oand m-DCB was much lower (Fig. 4) compared with their percent degradation (Fig. 3) .
Simultaneous degradation of chlorobenzene and toluene. P. chrysosporium was found to degrade chlorobenzene and toluene both individually and in mixtures, and there was no mutual inhibition of degradation of these compounds (Table 3) ; however, chlorobenzene was degraded to a much greater extent than was toluene. The extent of degradation of chlorobenzene and toluene was greater in a mixture containing 5 ppm of each than in a mixture containing 10 ppm of each. The difference in the extent of degradation observed when chlorobenzene or toluene was added alone at a level of 10 ppm compared with the degradation observed when these compounds were added together at 10 ppm each suggests that chlorobenzene and toluene metabolisms in this organism share enzymes.
DISCUSSION
The results of this study demonstrate substantial degradation of chlorobenzene and DCBs by P. chrysosporium. That the CO 2 production as previously described (13) and were then reoxygenated; however, in one of the treatments, designated ME* (closed triangles), a triplicate set of cultures was sacrificed at each time point. Identical uninoculated controls were used for comparison. a The fungus was grown as 10-ml cultures, spiked with 10 ppm of chlorobenzene as described in Materials and Methods. The cultures were incubated at 37ЊC for 7 days. Low-N, high-N, and ME media have been previously described (13) .
b All values given represent means Ϯ standard deviations for triplicate cultures.
c Percent degradation values have been corrected for adsorption in pregrown heat-killed controls. a The fungus was grown as a 10-ml static culture in ME medium at 37ЊC for 7 days.
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reported degradation is due to fungal metabolism and not due to adsorption is indicated by the fact that the total disappearance of the compound in experimental cultures was corrected for the adsorption of the compound in identical heat-killed controls. (Note: The adsorption values in heat-killed controls ranged from 0.8 to 8.3% for chlorobenzene and 0.3 to 4.1% for DCBs depending on the culture conditions.) Even more important, the ability of the organism to mineralize [ 14 C]chlorobenzenes to 14 CO 2 ( Fig. 2 and 4) further supports the idea that the observed degradation of chlorobenzenes is due to fungal metabolism.
The results show that ligninolytic peroxidases (LIPs and MNPs) of P. chrysosporium, which have been implicated in chloroaromatic degradation by this organism (4), are not required for the degradation of chlorobenzenes by this organism. First, the rate of degradation of monochlorobenzene as well as DCBs is higher in nutrient-rich media (high-N and ME), in which LIP and MNP activities are not known to be produced (13) , than in low-N medium in which LIPs and MNPs are known to be produced in large amounts (13) . Second, the per mutant, which lacks the ability to produce LIPs and MNPs, showed rates of degradation and mineralization of chlorobenzene and m-DCB comparable to those of the wild type. Similar conclusions regarding the noninvolvement of ligninolytic peroxidases in the degradation of other aromatic pollutants have been reported previously (5, (11) (12) (13) (14) .
Availability of oxygen in the culture headspace appeared to affect the extent of degradation of chlorobenzene by P. chrysosporium. For example, a lower level of degradation (38%) was seen in 50-ml shaken cultures compared with the levels of degradation (76%) seen in 10-ml shaken cultures. This suggests faster depletion of available oxygen in the 50-ml cultures. Oxygen depletion also appeared to be responsible for the slowing down of chlorobenzene degradation in later stages of incubation. For example, in cultures spiked with chlorobenzene on day 0, the rate of degradation plateaued after 5 days whereas this was not as evident when 4-day pregrown cultures (which were freshly oxygenated) were spiked with chlorobenzene. Plateauing of degradation due to depletion of oxygen in fungal cultures (grown in sealed serum-stoppered bottles) after 5 days of incubation was also observed in previous studies of degradation of benzene, toluene, ethylbenzene, and xylenes by this organism (13) . The latter studies showed at least 95.4% consumption of available oxygen in 5 days in 125-ml sealed serum bottle cultures. Relatively higher (6.7%) mineralization of [ 14 C]chlorobenzene was observed in cultures that were periodically oxygenated than in cultures not oxygenated during incubation (Fig. 2) . This further supports the idea that oxygen availability limits degradation of chlorobenzenes by P. chrysosporium during the later stages of incubation.
Results with radiolabeled chlorobenzenes indicated that P. chrysosporium mineralizes monochlorobenzene as well as DCBs to 14 CO 2 , and the rate of mineralization is higher under nutrient-rich culture conditions ( Fig. 2 and 4) . Comparison of the total degradation values (based on gas chromatographic analysis) with the mineralization values (based on 14 CO 2 evolved) for monochlorobenzene ( Fig. 1 and 2) and DCBs ( Fig. 3 and 4) indicates that only a portion of the degraded compound is mineralized. However, for p-DCB, the levels of mineralization and degradation were comparable ( Fig. 3 and  4) . Probable accumulation of dead-end metabolites or metabolic intermediates may be responsible for partial mineralization of the chlorobenzenes compared with their total disappearance in the degradation system. Further studies on identification of these metabolites would help elucidate the fate of chlorobenzenes during fungal degradation and the pathway for metabolism of these compounds to CO 2 by P. chrysosporium. As the contaminated environmental sites or the industrial wastes generally contain both chloro-substituted and methylsubstituted benzenes, it would be desirable if the candidate organism for bioremediation is able to degrade these two families of compounds simultaneously. It was, therefore, of interest that P. chrysosporium was effective in degrading chlorobenzene and toluene individually as well as in mixture (Table 3) . In contrast to this, mutual inhibition of degradation of these compounds has been observed in many bacterial systems (7, 9) .
In conclusion, P. chrysosporium can substantially degrade and mineralize monochlorobenzene and DCBs under nutrientrich culture conditions. It is capable of simultaneous degradation of chloro-substituted and methyl-substituted benzenes in a mixture.
